This paper presents a theory of technical progress that interprets the price-induced conjecture of Hicks. It provides also an exhaustive set of comparative statics conditions that constitute the scaffolding for an empirical test of the theory. A crucial assumption is that entrepreneurs make decisions about techniques on the basis of expected information about prices and quantities. Another assumption is that these decisions are made in order to fulfill a profitability objective. The novelty of our approach is that expected relative prices enter the production function as shifter of the technology frontier. The consequence of this assumption is an expansion of the traditional Shephard lemma that is useful for identifying the portion of input quantities that have been determined by the conjecture of price-induced technical progress (PITP). The theory is applied to a sample of 80 years of US agriculture. Three versions of the general model are presented. The first version deals only with expected relative prices. The empirical results do not reject the PITP hypothesis. The second and third versions introduce lagged expected relative prices, lagged R&D expenditures and lagged extension expenditures as explanatory variables of the portion of the input quantities that may be attributable to technical progress.
Introduction
John Hicks (1932) is credited with advancing the conjecture that changes in relative prices induce technical progress (TP). This conjecture implies that relative factor prices serve a dual function, as signals of resource scarcity and as determinants of the firm's technology choice. Hayami and Ruttan (1971) revitalized Hicks' conjecture and made important contributions to the explanation of the magnitude and direction of TP in the American and Japanese agricultural sectors using the relative price hypothesis. Over the past thirty years, many authors have attempted to test this hypothesis using aggregate data and obtaining mixed results. In these studies, the consensus approach to the econometric estimation and testing of the hypothesis that technical progress is induced by relative prices has been to regress the ratio of some factors of production over a distributed lag series of their price ratios and other similar series of extension, public and private R&D expenditures. Thirtle, Schimmelpfennig and Townsend (2002) summarized several significant studies of this kind and produced one of their own. The sample information about output quantity and output price is remarkably absent in many of these studies.
This omission seems in contrast to the conjecture advanced by several economists according to whom the choice of techniques is determined, to a large extent, by profitability considerations.
In this paper, therefore, we attempt to recast the price-induced technical progress (PITP) hypothesis into a framework that utilizes all the available theoretical and sample information, including output price and quantity. This approach leads to a novel set of comparative statics conditions of the economic theory of the firm undergoing technical progress that provides an exhaustive scaffolding for testing the PITP conjecture.
When dealing with technical progress, it is convenient to distinguish the innovation phase from the adoption phase. The majority of price-taker firms self select into the adoption phase. In general, the choice of available techniques made by those firms is guided mainly by expected profitability considerations. When price-taker firms are aggregated into an industry, such as the US agricultural sector, the R&D and extension expenditures may become determinants of the industry technical progress. Griliches (1957, p. 519) , Arrow (1969, p. 29) , Hirsch (1965, p. 38) and other economists have suggested that expected profitability objectives may be a determinant of adoption rates.
The expected profitability conjecture relating expected profits to TP leads to a model where expected output and input prices enter the production function as shifters of the technology frontier. As originally suggested by Paris (1993) and re-elaborated more recently by Paris and Caputo (2001) and by Caputo and Paris (forthcoming), we incorporate expected relative factor prices (expected input prices normalized by the single expected output price) explicitly into the production function and assume a cost-minimizing behavior of the individual entrepreneur.
The introduction of expected relative prices into the production function invalidates the traditional comparative statics relations of the competitive firms but leads---by necessity---to a more general model of the cost-minimizing/profit-maximizing entrepreneur. The novel set of comparative statics conditions depends on both primal and dual relations and is expressed in the form of a symmetric and negative semidefinite matrix of estimable terms. It follows that the empirical implementation of the PITP conjecture developed in this paper requires the joint estimation of the derivatives of the cost function with respect to relative input prices, the production function and the first order necessary conditions.
The Theory of Price-Induced Technical Progress
We assume that cost-minimizing firms are risk neutral and make their decisions on the basis of expected quantities and prices. The process of expectation formation is characteristic of every firm but is unknown to the econometrician.
Given the expected profitability conjecture, we postulate a production function as the ratio of expected input prices to the expected output price. In this paper, we assume a single output. The symbol t represents the index of traditional, exogenous technical progress.
With respect to the production function in relation (1) we assume only its existence and differentiability of order 2.
The price-taking risk-neutral cost-minimizing model of the firm operating under the influence of price-induced TP is stated as 
where the symbol ′ is the transpose operator. We assume that problem (2) (x,λ;y e ,w e ,t) = ′ w e x + λ[y e − f (x,w e ,t)] and, assuming that a nondegenerate constraint qualification holds at the solution (i.e.,
€ f x j (h(w e ,y e ,t);w e ,t) ≠ 0 for at least one value of the index j), the first order necessary conditions are given by € L x j = w j e − λf x j (x,w e ,t) = 0, j = 1,...,J
€ L λ = y e − f (x,w e ,t) ≤ 0, λ ≥ 0, λL λ = λ[y e − f (x,w e ,t)] = 0.
since € w j e > 0, j = 1,...,J equations (3) and (4) The properties (or lack of them) of the cost function € c(⋅) defined in equation (2) can be listed as follows. The presence of the expected relative prices in the production function induces a property of non-concavity with respect to the same prices on the cost function. Hence, the traditional comparative statics conditions are violated. Secondly, the prototype Shephard's lemma must be modified to assume a functional form that involves also the derivatives of the production function with respect to expected relative prices and the Lagrange multiplier. In fact, the application of the envelope theorem to problem (2) results in 
Thirdly, the cost function (2) is not homogeneous of degree one in the expected relative prices because of the dependence of the production function upon those same prices.
Furthermore, the cost function is not necessarily increasing in the expected input prices because nothing was assumed regarding the derivatives of the production function with respect to the expected relative prices. Finally, the cost function in relation (2) is increasing in output. This is the result of combining the envelope theorem with 
Therefore, both primal and dual relations are required to recover the input demand functions under the cost-minimizing price-induced TP hypothesis.
The extended Shephard Lemma in equation (6) Theorem 1 generalizes the comparative statics conditions of the traditional production and cost theory in order to account for the price-induced TP hypothesis. The theorem provides an empirically verifiable, symmetric, negative semidefinite matrix and an upper bound for the rank of that matrix. The proof uses the primal-dual formalism of Silberberg (1974) and is presented in the appendix. A novel feature of Theorem 1 is the appearance of the derivatives of both the production and cost function in the comparative statics matrix of equation (6). This property is absent from any prototype model of the firm and it is the distinguishing feature of our model of price-induced TP. It can be viewed as the scaffolding by which one can erect the estimating framework of the price-induced TP hypothesis. In other words, in general, one must always estimate the production function and first order necessary conditions jointly with dual relations, namely the derivatives of the cost function, when carrying out an empirical test of the price-induced TP theory presented here. This is called the primal-dual approach.
Although the above theory was formulated using the individual firm as the target agent, we will assume that similar relations carry over to the agricultural sector, assuming that the aggregation over firms will hold.
Specification of the Error Structure
The theoretical model is defined in terms of expected quantities and prices, given that it represents the planning process of a price-taking, risk-neutral entrepreneur. The econometric formulation of the same model sees the intervention of the econometrician sometime after the planning process was carried out. If the expected quantities and prices used by the entrepreneur for making her decisions were recorded at planning time, the recovery of the underlying production and economic relations would be greatly simplified. Unfortunately, these expected quantities and prices are not in general available and the econometrician must undertake the painstaking job of measuring them. In so doing, he commits measurement errors on every variable. We assume, therefore, that all quantities and prices involved in the production and cost system are observed by We summarize below the econometric model subject to the theoretical restrictions of the cost-minimizing firm operating under price-induced TP that is given by the following primal and dual relations:
Error structure Traditionally, aggregate models of TP based upon time series data have been specified using a distributed lag representation of either quantities or prices, or both. This approach seems to have been taken for two main reasons: (a) to capture, somehow, a dynamic aspect that is assumed to be inherent in a process of technical progress, and (b) to represent some process of expectation formation of the entrepreneur about quantities and prices. Often, the two aspects are confounded. With respect to the PITP model presented above, we would like to point out that the expectation process is taken into consideration explicitly and there is no need to formulate a distributed lag representation of expected quantities and prices. We acknowledge that the dynamic aspect of TP requires an explicit theory, akin to the static theory formulated above: a distributed lag specification without theory is only an ad-hockery. A dynamic theory of PITP will be the subject of another effort.
In general, it will be wise to postulate that the theoretical relations expressed in equations (11)- (13) The discussion of how to estimate the model given by equations (8)-(13) will be the subject of the following sections. We would like to advance here that, in principle, a Bayesian approach along the lines presented by Zellner (1969, ch. 5) would produce consistent estimates.
But, as we are not comfortable with elaborate and multi-dimensional integration techniques, we will propose a two-phase approach based upon a nonlinear least-squares estimator.
In phase I, the objective is to obtain estimates of the expected quantities and relative prices. That is, assuming a sample of dimensions 
or € min β,y t e ,x tj e ,w tj e ,e t ε 0 t
where € σ ε 0 2 ,σ ν j 2 ,σ ε j 2 are the variances of the respective error terms,
The weights of the objective function (15) are specified as the ratios of the error variances using the variance of the output quantity as the normalizing factor
In version 1 of the primal-dual model developed in this study, the minimization of the objective function (15) is subject to the error structure and primal-dual constraints given in equations (8)- We assume that an optimal solution of the phase I problem exists and can be found using a nonlinear optimization package such as GAMS (see Brooke et al. [1988] ). With the estimates of the expected quantities and prices obtained from phase I, a traditional NSUR problem can be stated and estimated in phase II using conventional econometric packages such as SHAZAM (Whistler et al. [2001] ). For clarity, this phase II estimation problem can be stated as the maximization of the concentrated log-likelihood function of the nonlinear seemingly unrelated regression (NSUR) problem After estimating the PITP model, a measure of the input biases of technical change can be assessed. For brevity, we follow Antle and Capalbo's discussion of the subject (1988, ch. 2, p.
38-39) and define a primal measure of the bias of technical progress between input j and input k
that reflects the original formulation by Hicks involving the invariance (to technical change) condition of the expansion path, and where € f j represents the marginal product of the j-th input.
The condition that the input prices be constant guarantees the invariance of the expansion path.
As Antle and Capalbo state (1988, p.38) : "…this measure of the bias is defined at a given point in input space." It is an open question, then, whether the biases should be evaluated at the same point in input space for the entire sample period. An overall measure of the bias associated with input j is stated as
where € S k e is the expected cost share of the k-th input. According to Antle and Capalbo (1988, p. 40), the condition € B j > 0 characterizes input-using technical progress, implying that the marginal product of input j is increasing relative to all other inputs, while As will become clearer in the empirical sections, the meaning of input-using (inputsaving) technical progress associated with the sign of the € B j coefficient is rather arbitrary in the sense that the bias coefficients measure simply how the marginal products vary with a change of t. It is difficult, then, to specify in what sense a particular bias is either input-using or inputsaving. In other words, the definition of input bias in technical progress is simply a descriptive measure of the change of the marginal product with respect to the exogenous technical progress index t which, in a time series sample, is confounded with the discrete time associated with the sample observations. Consequently, the measure of input biases cannot constitute an empirical test of technical progress.
The Data of US Agriculture
The sample input data for the present analysis were made available by Thirtle, Schimmelpfennig and Townsend (2002) and are described in their paper. The time series consist of four input quantity and price indices relating to machinery, labor, fertilizer and land, from 1880 to 1990; public and private R&D and extension expenditures are also from 1880 to 1990. Additionally, aggregate output quantity and price indices from 1910 to 1990 were derived from the US Historical Statistics and USDA databases and provided by Spiro Stefanou. All the index series are defined with base 1967 = 100. Because the primal-dual model of PITP developed in this paper uses also the output quantity and price series, the usable sample data range from 1910 to 1990 with 81 observations. In this paper we chose to deal with the single aggregate of output for the US agriculture. All the data were scaled by a factor of 100 so that the average of most series is close to 1.
A Translog Primal-Dual Model of PITP: Version 1
The implementation of the primal-dual model of price-induced technical progress presented in previous sections was realized with the choice of a translog production function and a translog cost function. In particular, the production function is stated as 
with symmetric
The input price functions in equations (12) The input demand functions in equations (13) assume the structure of the expanded Shephard lemma discussed in section 2 which produces the following expressions, for 
The first line of equation (28) 
with each of the five component matrices defined as
If the PITP conjecture holds, the S matrix should be a symmetric negative semidefinite matrix with rank less than J. The number 4 results from
x jt e w jt e j=1 4 ∑ evaluated at the unit level of all the variables involved.
Given the translog PITP model, the input biases of technical progress in equation (24) translate into
where € S k e is the expected cost share and € CP k stands for constant prices of the k-th input. We have chosen to let the input quantities vary throughout the sample period, so that the bias measures of TP acquire the meaning stated in the definition (equation (24), "…this measure of the bias is defined at a given point in input space.") for each sample observation.
Empirical Results of the Translog Model of PITP: Version 1
Phase I of the PITP model was estimated using the GAMS programming package and unitary € λ weights for the objective function (15). This choice was dictated by a lack of knowledge of the true weights. The selection of these weights transforms the given problem into a nonlinear Total Least Squares model, originally described by Gulob and Van Loan (1989, p. 576) , and by a vast literature since then. The model constraints, represented by equations (25), (27) and (28), are highly nonlinear and non-convex. Hence, the solution achieved is only locally optimal. The problem was solved several times with different initial values. A serial correlation of order 1 was implemented during the estimation procedure.
The use of the GAMS 21.6 programming package requires a careful choice of upper and lower bounds for all parameters. Still, the solution of the problem is a non-trivial enterprise. The phase I PITP model has 1495 constraints (most of them nonlinear) and 1721 unknown parameters. In a typical run, the CPU time to achieve a locally optimal solution was about 20-30 minutes on a Supermicro machine (Intel dual processor Xeon, 3.0 Ghz, Linux Redhat AS3 OS).
We can report with confidence that the land input caused considerable headaches in all the computations and may have been the cause of the extraordinary number of iterations (between 5,000 and 10,000) required to achieve an optimal solution, perhaps because its quantity index is rather flat and exhibits very little variability.
The estimates of the expected quantities and prices obtained from the phase I estimation problem are neither unbiased nor consistent. This is due to our ignorance of the true € λ ratios that weigh the objective function (15). We have already suggested that a Bayesian approach to the errors-in-variables problem may produce consistent estimates, albeit with a much more complex estimator. Hence, we are willing to accept some level of non-consistency of the estimates in exchange for a manageable estimator that can be implemented by normal practitioners. The problem, of course, is how to gauge what is an acceptable level of inconsistency. We do not have an analytical answer to this question. We only suggest that a small residual error may be an indication of the smallness of inconsistency. We proceed under this conjecture.
A measure of the estimates obtained from the phase I model can be viewed in Figure 1 and Figure 2 that report a comparison between the sample and the estimated quantities and prices. In general, the estimated expected quantities and relative prices track the measured counterparts pretty closely. An exception is represented by the land input quantity index that has fluctuated around the value of 1---in a suspicious saw-tooth pattern---during the sample period.
Another synthetic view of the phase I results can be gleaned by the trend of the expected and measured input shares as reported in figure 3 . Overall, the estimated expected series track the measured series rather closely. With the estimates of the expected quantities and relative prices from phase I, a NSUR model such as described by equations (20)- (23) was estimated using the NL option of the SHAZAM package. Unfortunately, this SHAZAM option does not allow the imposition of parameter constraints that cannot be directly incorporated into the definition of the various equations. Hence, we were not able to test the negative definiteness of the S matrix using the SHAZAM package. An autocorrelation scheme of order 1 was implemented in this phase II of the estimation procedure.
In order to gauge the validity of the PITP model, a translog model of the traditional theory (without prices in the production function) was estimated using the same primal-dual approach and using the same estimated expected relative quantities and prices. This traditional model, therefore, is nested into the PITP model and the difference in the level of the two loglikelihood functions could determine whether or not the PITP conjecture ought to be rejected.
The PITP model has 89 parameters versus 55 of the traditional model. The results of this comparison are reported in Table 1 . The relevant test, however, is given by the negative semi-definiteness of the expanded Slutsky matrix S defined in equation (29). Three of the four eigenvalues of the S matrix corresponding to the estimated PITP model of Table 1 are negative and one is positive (0.9303974 -0.4759490E-01 -0.1932879 -0.3887957) indicating that the matrix is indefinite.
We were not able to test (using SHAZAM) whether the PITP model, subject to the restriction that the S matrix in equation (29) be negative semi-definite, is rejected by the sample data.
In order to pursue this objective from a different angle, however, we coded the NSUR problem in GAMS achieving a level of the log-likelihood function that is close to, but not exactly equal to the value achieved with the SHAZAM package. This event is undoubtedly due to the highly nonlinear and non-convex problem at hand, and to the different optimization algorithms used in the two packages (or to our programming errors). Another shortcoming of this approach is that we did not compute the standard errors of the estimates, as their programming in GAMS is beyond our limited ability. In any event, the value of the unrestricted concentrated loglikelihood function (as in equation (20) On the strength of this result and of the likelihood ratio test reported above, we will continue the discussion of the empirical results assuming that the PITP model presented in Table   1 was not rejected by the sample data. It is interesting to notice that the conventional S matrix for the traditional primal-dual model of Table 1 (represented by the A 1 matrix of equation (29)) is indeed negative definite without imposing such a condition, with eigenvalues (-0.8739866E-02 -0.1921675 -0.3348949 -2.263713). In this case, however, the rank condition is not satisfied.
The biases induced on input quantities by a price-induced technical progress of the type described in this paper were computed according to equation ( 
Empirical Results of the Translog Model of PITP: Version 2
A second version of the PITP model includes the public and private R&D and extension expenditures as explanatory variables of the portion of inputs attributable to the PITP hypothesis.
A synthetic representation of this specification is given in equations (16)- (19). Before reporting on the empirical results, we present the series of public and private R&D and extension expenditures in Figure 5 . All three series show a very similar trend, a fact that may lead to multicollinearity and/or to nonsignificant estimates.
As anticipated in a previous section, we took inspiration from the empirical results of Thirtle, Schimmelpfennig and Townsend (2002) who attributed the explanation of the nonsubstitution portion of their input ratios to a distributed lag specification of relative prices, along with private and public R&D. More accurately, in their machinery/labor factor ratio (equation (5)), they reported that only a series of annual private R&D expenditures was significant, together with the lagged machinery/labor price ratio. In their fertilizer/land factor ratio (equation (6)), the lagged public R&D series was significant. The extension series was reported as being not significant in either factor ratio equation. While the price ratios were specified with a maximum lag of order 2, the private and public R&D series took on lags of 15 and 25 periods, respectively.
Version 2 of the model stated in equations (16)-(19) specifies a lagged relationship between the portions of expected inputs attributed to the PITP hypothesis and expected relative prices, R&D and extension expenditures as explanatory variables. This relationship, then, feeds into the production function and the input price equations in the joint determination of the parameters of interest. In figure 6 , we present the decomposition of the estimated expected inputs into their complementary portions attributable to a substitution effect and a PITP effect, as they resulted from version 1. At this stage, the problem is to specify the type and the length of the distributed lag series that can plausibly explain the variation of the PITP component of the estimated expected input quantities. As there is no theory that can guide the choice of explanatory variables and the length of their lags, some data mining is inevitable. In Table 2 we present the variables and their lags that were selected in the explanation of the PITP component of the estimated expected input quantities. The information of Table 2 refers to OLS estimates. The symbols for the variables should be read as: Exp = expected, MA = machinery, LB = labor, FR = fertilizer, LA = land, P = price. The lag is indicated explicitly and was restricted to a maximum of 6 periods for the expected input prices and of 7 periods for the R&D and extension variables. These cut-off periods were selected arbitrarily but with the goal of limiting the loss of degrees of freedom in a sample of only 81 observations. The machinery and the fertilizer equations, with all variables in natural units, fit the respective PITP components fairly well, with R-square measures of 0.96 and 0.92, respectively.
The labor and the land equations, in semi-log specification, fit the respective PITP component less well, with an R-square measure of 0.75 and 0.85, respectively. The a-priori selection of the maximum lags may be responsible, at least in part, for the relatively low fit of these equations.
The extension-expenditures variable enters only the machinery equation; no R&D and extension expenditure variables enter the labor equation; both private and public R&D expenditures enter the fertilizer equation jointly.
In spite of the imperfect fit of the PITP equations, the overall information gleaned from the results of Table 2 suggests that a proper combination of lagged expected prices, R&D and extension expenditures may indeed explain (may be thought of as determinant of) the PITP components of the input quantities. We reproduce here equations (16) The translog specification of equations (16')-(18') is similar to equations (25), (27) and (28) except that the logarithm of the expected input quantities in equations (25) and (27) must now be defined by the two complementary components of the input quantities. Equation (19') expresses the lagged relation between the portion of the input quantities that is attributed to the price induced technical progress and a series of relative prices, R&D and extension expenditures.
The structure of the lagged relations follows the pattern of Table 2 .
After estimating the phase I specification of the PITP model (version2), the NSUR phase II model was estimated using Shazam. The results are reported in Table 3 . A significant autocorrelation coefficient is present in every equation. A traditional model (without prices in the production function) was also estimated and reported in Table 3 . The difference between the logarithmic value of the two likelihood functions is equal to 204.404, which translates into a likelihood ratio test of 408.808, well above any imaginable critical value for a chi-square statistics with 34 degrees of freedom. This preliminary test, therefore, does not reject the hypothesis that a price induced technical progress prevailed during 80 years of US agriculture.
As for the previous version 1 of the PITP model, we used the GAMS package to impose the comparative statics condition represented by equation (29) (29) is negative semi-definite and satisfies the rank condition of theorem 1. Hence, the PITP hypothesis is not rejected also in version 2 of the model. We notice that, in this case, the value of the log-likelihood function obtained using the GAMS program is higher than the one computed by SHAZAM. Again, this event may be due to the highly non-convex and nonlinear model and to the different algorithms used by the two programming packages.
With the results of Table 3 , the input biases were measured using equation ( There remain to comment upon the distributed lag relationships that explain the PITP components of the various inputs. We recall that the estimation of the version 2 model was carried out according to problem (15')-(19') with the distributed lag pattern for the various explanatory variables as indicated in Table 2 . The four equations and their distributed lag pattern expressed a rather high level of fit with R-square measures of 0.90, 0.83, 0.95 and 0.98, respectively. It is apparent, however, that several alternative combinations of lags can achieve high levels of fit. In Table 4 , therefore, we report a more refined exploration of fit that reveals a different pattern of distributed lags. Now, all the four relationships exhibit a high measure of fit, as indicated by the R-square, while maintaining a parsimonious specification (in terms of lags).
We note that in Table 4 On the basis on the results of Table 4 , it is tempting to examine a third version of the PITP model where the distributed lag specification of the PITP input components in phase I is represented by the structure revealed in Table 4 . Such an exploration could shed some light upon the stability of the input biases and the decomposition of the input quantities into their substitution and PITP components.
Empirical Results of the Translog Model of PITP: Version 3
Table 5 exhibits the empirical results of phase II estimation of the PITP model with a structure of lags as defined in Table 4 . The chi-square variable defined as twice the difference between the values of the two log-likelihood functions in Table 5 is equal to 371.600, with 34 degrees of freedom. Once, again, the null hypothesis of a traditional TP model (without prices in the production function) is soundly rejected. We recall that this third version of the model was performed with the objective of evaluating the robustness of the input biases to a variation in the lag distribution. The input biases corresponding to the empirical results of Table 5 are presented in Figure 9 . The pattern of the labor and land diagrams is substantially similar to the pattern presented in Figure 7 . The land input is clearly characterized by a factor-saving TP throughout the sample period. Labor remains a factor-using input. This counterintuitive result is mitigated by our previous discussion about the difficulty of assigning a clear meaning of input-using (input-saving). The machinery and fertilizer input diagrams of Figure 9 exhibit trends which are opposite to those in Figure 7 . Now, the machinery bias is factor-saving until WWII, becomes factor-using until 1980, and then returns to be factor-saving. The fertilizer bias is factor-using until WWII and then hovers around a zero bias for the rest of the sample period. The input decomposition for version 3 of the model is given in Figure 10 . Although the pattern of decomposition is roughly similar to the pattern depicted in Figure 8 , we must point to the quantitative aspect of machinery and land decomposition. The PITP machinery component acquires a substantial magnitude after World War II in both pictures, but its level is halved in Figure 10 . The PITP land component in Figure 10 exhibits a trend that exhausts the entire amount of input by the end of the sample period. The land input, with its low variability, may admit many alternative patterns of decomposition. 
Conclusion
The essential points of the paper can be listed as follows: A) a novel theory of technical progress, complete of its comparative statics conditions, that re-interprets the relative price hypothesis of Hicks; B) within this theory, an extended Shephard lemma that provides a natural decomposition of the input quantities between a purely substitution component and a complementary amount attributable to the price-induced conjecture; C) an empirical application of the theory that requires a primal-dual approach to the corresponding econometric specification because of the necessity to estimate both the production function and the cost function jointly.
The data dealt with in this paper involve a sample of 81 years of US agriculture with one aggregate output and four inputs, machinery, labor, fertilizer and land. Furthermore, private and public R&D series and extension expenditures were available. The sample data analyzed in this paper constitute an unusual amount of information with prices and quantities for every commodity. We attempted to utilize all the available information because this condition is a fundamental requirement toward achieving efficient estimates.
Three versions of the general model were formulated using a translog specification for both the production and its associated cost function. The first version dealt exclusively with expected relative prices and the results indicated that the conjecture of price-induced technical progress could not be rejected based upon a test of the comparative statics conditions that characterize our PITP theory. The analysis of the input biases associated with this version shows that three of the four inputs have minimal biases at the end of the sample period. Only the labor input exhibits a significant level of bias at that point. This version of the PITP model allowed a preliminary analysis of the conjecture that a distributed lag of relative prices, R&D and extension expenditure could explain the portion of inputs attributable to technical progress in the extended Shephard decomposition.
A second version of the model incorporated lagged R&D private and public expenditures as well as lagged extension expenditures. The lags were suggested by the regression analysis of Table 2 and produced estimates of the PITP model that cannot reject the price-induced hypothesis of expected relative prices entering the production function. The pattern of input biases of version 2 differs from that of version 1 in ways that are both satisfying and against intuition. In either case, however, those patterns do not contradict the necessary and sufficient conditions of our theory.
A third version of the model incorporated the lag structure presented in Table 4 and was carried out mainly to assess the robustness of the input biases to a variation of the lag distribution. With a truly dynamic theory of TP, this ad-hoc sensitivity analysis can be avoided.
The translog functional form may have a determinant role in the shape of the input biases, but the evaluation of this conjecture is left for another occasion.
Two aspects of this paper should be kept distinct: the PITP theory and its empirical implementation. The theory generalizes many traditional specifications of models dealing with technical progress and provides its own specific comparative statics conditions. The particular implementation of the PITP theory that was executed in this paper is certainly imperfect. Yet, the empirical results have given more than a glimpse of the ability of the primal-dual approach to interpret the available information.
and the classical constraint qualification holds at the optimum due to the fact that Given the above rank property, we are permitted to fix 
